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Abstract 

Semiconductor  nanowires  have  been  identified  as  a  viable  technology  for  next-generation 
infrared  (IR)  photodetectors  with  improved  detectivity  and  detection  across  a  range  of  energies 
as  well  as  for  novel  single-photon  detection  in  quantum  networking.  The  GaAsSb  materials 
system  is  especially  promising  in  the  1.3-1.55  /im  spectral  range.  In  this  work  we  present  band- 
gap  tuning  up  to  1.3  /im  in  GaAs/GaAsSb  core-shell  nano  wires,  by  varying  the  Sb  content 
using  Ga-assisted  molecular  beam  epitaxy.  An  increase  in  Sb  content  leads  to  strain 
accumulation  in  shell  manifesting  in  rough  surface  morphology,  multifaceted  growths,  curved 
nano  wires,  and  deterioration  in  the  microstructural  and  optical  quality  of  the  nano  wires.  The 
presence  of  multiple  PL  peaks  for  Sb  compositions  ^12  at.%  and  degradation  in  the  nano  wire 
quality  as  attested  by  broadening  of  Raman  and  x-ray  diffraction  peaks  reveal  compositional 
instability  in  the  nano  wires.  Transmission  electron  microscope  (TEM)  images  show  the  presence 
of  stacking  faults  and  twins.  Based  on  photoluminescence  (PL)  peak  energies  and  their  excitation 
power  dependence  behavior,  an  energy-band  diagram  for  GaAs  /  GaAsSb  core-shell  nano  wires  is 
proposed.  Optical  transitions  are  dominated  by  type  II  transitions  at  lower  Sb  compositions  and  a 
combination  of  type  I  and  type  II  transitions  for  compositions  ^12  at.%.  Type  I  optical 
transitions  as  low  as  0.93  eV  (1.3  /im)  from  the  GaAsSb  for  Sb  composition  of  26  at.%  have 
been  observed.  The  PL  spectrum  of  a  single  nano  wire  is  replicated  in  the  ensemble  nano  wires, 
demonstrating  good  compositional  homogeneity  of  the  latter.  A  double-shell  configuration  for 
passivation  of  deleterious  surface  states  leads  to  significant  enhancement  in  the  PL  intensity 
resulting  in  the  observation  of  room  temperature  emission,  which  provides  significant  potential 
for  further  improvement  with  important  implications  for  nanostructured  optoelectronic  devices 
operating  in  the  near-infrared  regime. 

Keywords:  nano  wires,  bandgap  tuning,  core-shell,  molecular  beam  epitaxy 
(Some  figures  may  appear  in  colour  only  in  the  online  journal) 


1.  Introduction 

The  flexibility  offered  by  the  one-dimensional  structure  of 
nanowires  in  band-gap  engineering,  material  design  archi¬ 
tecture,  and  the  wide  choice  of  substrates  have  made  it  an 
attractive  candidate  for  a  variety  of  device  applications. 


Nanowire  (NW)  arrays  are  ideally  suited  to  meet  the  demands 
of  the  third-generation  of  infrared  (IR)  photodetectors  for 
imaging  with  high  prospects  for  improving  detectivity,  pro¬ 
viding  better  spatial  resolution,  and  offer  the  potential  for 
multispectral  detection  by  integration  of  different  NW  arrays 
on  the  same  substrate  and  the  possibility  of  hybrid  integration 
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of  driver  electronics  and  detectors  on  the  same  chip.  In  par¬ 
ticular,  wavelengths  in  the  near-infrared  region  (NIR), 
1.3-1.55  //m,  have  also  been  of  great  interest  for  tele¬ 
communications,  and  there  has  been  continued  demand  for 
improvement  in  these  photodetectors.  In  recent  years,  devices 
with  high  spatial  resolution  and  single-photon  detection  have 
become  even  more  important  due  to  the  increasing  research 
interest  in  quantum  networking. 

Two  ternary  material  systems  that  have  been  extensively 
investigated  in  thin-film  devices  operating  at  these  wave¬ 
lengths  are  GaAsSb  [1-3]  and  InGaAs  [4,  5].  The  GaAsSb 
(III-V-V)  system  offers  distinct  advantages  over  InGaAs  (III- 
III- V)  due  to  (a)  suppressed  Auger  recombination,  (b)  longer 
electron  lifetime,  and  (c)  less  dependency  of  the  electronic 
structure  on  its  alloy  configuration  due  to  the  presence  of  a 
single  group  III  element  [6].  In  nano  wires,  the  advantage  of  a 
single  group  III  element  is  more  apparent  due  to  the  com¬ 
monly  used  vapor-liquid- solid  (VLS)  growth  mechanism  for 
NW  growth.  Large  differences  in  the  In  and  Ga  diffusion  rates 
can  lead  to  considerable  compositional  inhomogeneity  in 
InGaAs  nano  wires.  Furthermore,  the  GaAsSb  system  has  the 
advantage  that  the  surfactant  nature  of  Sb  can  be  exploited  to 
improve  the  structural  and  optoelectronic  properties. 

Several  reports  have  been  published  on  both  axial  and 
radial  hetero structured  growth  of  gold-assisted  and  gold-free 
growth  of  GaAs/GaAsSb  nano  wires  [7-11].  The  focus  of  the 
majority  of  the  work  has  been  on  crystal  structure  and 
insertion  of  GaAsSb  layers  in  GaAs.  Recently,  Todorovic 
et  al  [12]  investigated  the  optical  properties  of  GaAsSb  inserts 
in  GaAs  nanowires  for  different  lengths  of  the  ternary  insert, 
and  band-gap  tuning  to  1.2  eV  was  demonstrated  by  varying 
Sb  composition  using  Au-assisted  molecular  beam  epitaxy 
(MBE).  Our  group  reported  a  similar  study  with  longer  inserts 
and  using  Ga-assisted  MBE  [13].  We  also  recently  reported 
[14]  the  effect  of  growth  temperature  of  the  shell  on  the 
properties  of  core-shell  GaAs/GaAsSb  nanowires.  Au-free 
self-catalyzed  Ga  assisted  growth  offers  the  advantage  of  not 
only  eliminating  the  Au-induced  defects  but  also  suppressing 
undesirable  axial  growth  during  shell  growth.  It  should  be 
noted  that  a  GaAsSb  material  system  belongs  to  a  highly 
mismatched  alloy  (HMA)  system  and  the  other  HMA  systems 
that  have  been  the  subject  of  investigations  in  the  NW  con¬ 
figurations  are  GaP/GaPN  [15]  and  GaAs/GaAsN  [16]  core¬ 
shell  nano  wires,  though  the  band-gaps  have  slightly  higher 
energy  values  of  1-2  eV. 

The  focus  of  this  investigation  is  a  comprehensive 
understanding  of  the  effects  of  Sb  variation  in  the  Ga-assisted 
MBE  growth  of  GaAs/GaAsSb  in  the  core-shell  configured 
nanowires  for  next-generation  photodetectors  in  the  tele¬ 
communication  wavelength  range.  The  impact  of  Sb  variation 
on  morphology,  strain,  composition,  band  gap,  and  band 
alignment  have  been  studied  in  detail  using  a  variety  of 
characterization  techniques.  These  are  the  first  reports  to  our 
knowledge  of  achieving  PL  emission  wavelength  of  1.3  /am  in 
Ga-assisted  GaAsSb  core-shell  nanowires  with  prospects  of 
further  improvement  in  PL  efficiency  demonstrated  by  pas¬ 
sivating  the  GaAsSb  surface  via  a  double-shell  configuration. 


2.  Experimental  details 

All  nano  wires  were  grown  on  P-type  Si  (1 1 1)  substrates  using 
an  EPI  930  solid  source  MBE  system  with  valved  As  and  Sb 
cracker  sources.  The  growth  of  GaAs/GaAsSb  core-shell 
nano  wires  was  comprised  of  two  steps.  First,  core  GaAs 
nanowires  were  grown  using  the  VLS  mechanism  with  Ga  as 
the  catalyst  at  620  °C.  Ga-assisted  NW  growth  was  initiated 
by  impinging  Ga  flux  on  the  substrate  for  15  s  prior  to  the 
opening  of  the  As4  flux  with  a  beam-  equivalent  pressure  of 
4.8  x  10_6Torr.  After  growing  the  core  NW  for  a  given 
duration,  the  Ga  droplets  on  the  tips  of  the  nanowires  were 
solidified  to  avoid  further  axial  growth  during  shell  growth. 
GaAsSb  shell  growth  was  then  initiated  after  lowering  the 
growth  temperature.  The  shell  growth  temperature  was  varied 
between  550°C-590°C  and  the  Sb  flux  was  varied  from 
2.4  x  10-7  to  2.8  x  10_6Torr.  For  the  growth  of  double¬ 
shell  GaAs/GaAsSb/GaAs  nanowires,  the  Sb  flux  was  ter¬ 
minated  prior  to  the  commencement  of  the  second  GaAs  shell 
growth. 

Scanning  electron  microscope  (SEM)  imaging  was  car¬ 
ried  out  using  a  Carl  Zeiss  Auriga-BU  FIB  field  emission 
scanning  electron  microscope  (FESEM)  with  an  energy-dis¬ 
persive  x-ray  spectrometer  for  compositional  analysis.  X-ray 
diffraction  scans  (XRD)  were  performed  using  Bruker’s  D8 
Discover  instrument  with  a  DaVinci  diffractometer  in  the 
standard  Bragg-Brentano  para-focusing  configuration.  X-rays 
from  the  Cu  K a  source  were  not  filtered  and  thus  contained 
both  Kal  and  Ka2  components.  The  scanning  transmission 
electron  microscopy  (STEM)  analysis  was  performed  on  a 
probe  aberration-corrected  FEI  Titan  G2  system  operated  at 
200  kV.  The  bright-field  TEM,  selected-area  electron  dif¬ 
fraction  (SAED),  and  high-resolution  TEM  (HRTEM)  were 
characterized  on  a  JEOL  201  OF  microscope  operated  at 
200  kV.  Micro-photoluminescence  (/i-PL)  measurements 
were  conducted  in  a  low  vibration  closed  cycle  optical 
cryostat  from  Montana  Cryostation  with  the  sample  chamber 
extended  away  from  the  cryostat.  The  sample  chamber  was 
interfaced  with  a  fiber-coupled  confocal  microscope  from 
Horiba  Jobin  Yvon,  Inc.,  with  a  633  nm  He-Ne  laser  as  the 
excitation  source.  The  PL  signal  from  the  sample  was  then 
dispersed  using  a  0.32  m  double-grating  monochromator  with 
liquid  nitrogen  cooled  InGaAs  detector  for  detection  using 
conventional  lock-in  techniques.  Raman  spectroscopy  was 
carried  out  at  room  temperature  in  a  Horiba  Jobin  Yvon 
LabRam  ARAMIS  Raman  microscope  using  a  He-Ne  laser 
with  633  nm  excitation  wavelength.  The  Raman  signal  was 
detected  using  a  multichannel  air-cooled  charge-coupled 
device. 


3.  Results  and  discussion 

Figure  1(a)  shows  an  SEM  image  of  highly  vertical  core 
GaAs  nano  wires  on  Si  (111)  substrate  with  a  density  in  the 
range  of  6-8  /am~2.  The  nano  wires  are  4  /am  long  with  dia¬ 
meters  ranging  from  70-80  nm.  Figure  1(b)  depicts  typical 
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Figure  1.  (a)  Core  GaAs  nanowires  and  (b)  core-shell  GaAs/GaAsSb  nanowires.  The  insets  show  the  respective  side  views. 


Figure  2.  SEM  micrographs  of  single  GaAs/GaAsSb  core-shell  nanowires  for  different  Sb  compositions. 


GaAs/GaAsSb  core-shell  nano  wires  with  length  and  dia¬ 
meters  of  4  /im  and  180  nm,  respectively. 

Figure  2  displays  the  SEM  images  of  the  GaAs / GaAsSb 
core-shell  nanowires  with  increasing  Sb  incorporation  up  to 
26  at.%.  The  smooth  morphology  and  well-defined  hexagonal 


faceted  top  view  cross-section  observed  in  nanowires  with 
low  Sb  content  of  3  at.%  is  transformed  to  a  rougher  mor¬ 
phology  with  different  overgrown  side  facets  and  elongated 
hexagonal  cross-section  with  increasing  Sb  content,  as  shown 
in  figure  2.  The  diameter  of  the  NW  increases  from  183  nm  to 
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Figure  3.  (a)  TEM  image  of  core-shell  NW,  (b)  high-resolution  STEM  image  and  FFT  (inset)  acquired  using  [Oil]  zone  axis,  (c)  SAED 
pattern  shows  ZB  structure  with  twins,  and  (d)  HR-TEM  image  displays  the  twinning  plane  (indicated  by  a  green  line). 


280  nm  as  the  Sb  content  increases  from  3  to  26  at.%, 
respectively,  for  similar  growth  duration.  These  changes  in 
morphology  and  diameter  are  most  likely  associated  with  the 
thermodynamic  and  kinetic  modifications  created  by  the 
surfactant  nature  of  Sb.  Higher  Sb  flux  leads  to  larger  Sb 
coverage  on  the  surface  resulting  in  the  reduction  in  the  free 
energy  of  the  growth  surface,  which  promotes  lateral  growth 
via  a  vapor  solid-growth  mechanism.  Beyond  a  certain  critical 
threshold  of  Sb  composition,  Sb  segregation  can  occur  on  the 
surface  [17,  18].  This  inhomogeneous  Sb  coverage  on  the 
nanowire  surface  is  likely  responsible  for  the  growth  of  a 
multitude  of  side  facets  at  26  at.%  Sb  composition  and  a 
rough  surface  morphology. 

The  alignment  of  the  nanowires  also  changes  from  ver¬ 
tical  to  curved  with  increasing  Sb  content.  Bending  of  the  NW 
is  strongly  influenced  by  Sb  content,  increasing  with  Sb 
content  at  a  specific  growth  temperature  (figure  2).  Hence,  it 
can  be  inferred  that  bending  of  the  nanowires  is  pre¬ 
dominantly  due  to  strain  accumulation  on  the  NW  side  facets 
and  thus  ruling  out  any  contribution  from  a  thermal  stress 
component  as  the  growth  temperature  was  invariant  for  the 
growth.  Ghalamestani  et  al  [11]  also  observed  similar 


behavior  on  their  GaAsSb/GaAs  core-shell  nano  wires.  Fur¬ 
ther  evidence  of  the  increased  strain  with  increasing  Sb 
incorporation  in  the  nanowires  is  also  found  using  XRD 
measurements,  as  discussed  later. 

Figure  3(a)  displays  the  bright  field  TEM  micrograph  of  a 
typical  GaAs/GaAs0.88Sbo.i2  core-shell  nano  wire,  which 
exhibits  both  twins  and  stacking  faults.  The  lattice  resolved 
HR-STEM  image  along  the  [011]  zone  axis  in  conjunction 
with  the  respective  fast  Fourier  transform  (FFT)  (figure  3(b)) 
reveals  the  zinc-blende  (ZB)  structure  of  the  NW  lattice.  The 
SAED  pattern  (figure  3(c))  taken  along  the  zone  axis  [1-10] 
indicates  the  twinning  structure  in  the  nano  wire.  The  HRTEM 
image  of  an  isolated  twinning  plane  normal  to  [11-1]  the 
growth  axis  is  demonstrated  in  figure  3(d)  with  the  two  crystal 
structures  mirrored  along  the  (11-1)  plane. 

Figure  4  depicts  the  x-ray  diffraction  patterns  of  core¬ 
shell  GaAs/GaAsSb  nano  wires  with  varying  Sb  content.  All 
diffraction  peaks  were  identified  using  the  Joint  Committee 
on  Powder  Diffraction  Standards  (JCPDS)  standard  database. 
The  nanowires  exhibit  only  GaAs  (111),  GaAsSb  (111),  GaSb 
(111),  and  Si  (111)  Bragg  peaks,  and  their  respective  higher- 
order  reflections.  The  absence  of  other  orientations  further 
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Figure  4.  X-ray  diffraction  patterns  of  GaAs/GaAsSb  nanowires  with  different  Sb  compositions. 


attests  to  the  growth  of  highly  vertical  <11 1>  oriented 
nano  wires.  With  increasing  Sb  composition,  the  GaAsSb 
(222)  and  GaAsSb  (333)  Bragg  peaks  shift  toward  lower 
angles  and  are  accompanied  by  significant  broadening  of  the 
peak  as  shown  in  the  inset  of  figure  4.  At  the  highest  Sb 
composition  of  26  at.%,  pure  GaSb  phase  was  observed, 
which  is  indicative  of  the  presence  of  segregated  Sb  as 
described  above. 

Due  to  close  proximity  of  the  first-order  (111)  peaks  of 
GaAs  and  GaAsSb  in  conjunction  with  the  use  of  an  unfil¬ 
tered  Cu  Ka  source,  broadening  of  the  higher-order  (222)  and 
(333)  GaAsSb  reflections  was  used  for  estimation  of  the 
overall  strain  in  the  GaAsSb  shell.  The  strain  calculations 


were  estimated  by  the  Williamson-Hall  isotropic  strain  model 
(W-H  ISM)  [19,  20]  using  the  total  peak  broadening.  The 
strain  thus  calculated  was  found  to  increase  monotonically 
with  increasing  degree  of  bending  as  shown  in  figure  5.  These 
data  confirm  our  earlier  conjecture  that  bending  of  the 
nanowires  is  associated  with  enhanced  strain  accumulation  in 
the  shell.  There  are  two  factors  that  are  likely  contributors  to 
this  increase  in  strain.  With  increasing  Sb  composition,  mis¬ 
match  between  the  core  and  the  shell  is  increased  and  the  shell 
thickness  also  increases.  Both  these  lead  to  increased  strain  in 
the  shell.  Although  the  Williamson-Hall  model  has  often 
been  used  in  the  literature  for  determination  of  the  strain  in 
nano  wires  [19,  21],  its  applicability  for  core-shell  nano  wires 
is  debatable  due  to  non-uniform  strain  distribution  in  the  shell 
[22].  As  a  consequence,  while  the  strain  value  may  not  be  an 
absolute  value,  it  provides  an  overall  trend  of  the  strain 
accumulation  in  the  shell  with  increasing  Sb  composition. 

Figure  6  shows  the  normalized  micro-photoluminescence 
(PL)  spectra  of  core-shell  nanowires  at  4  K  for  different  Sb 
compositions.  The  PL  spectra  of  the  GaAsSb  nano  wires 
reveal  emission  peaks  in  the  1.27-0.93  eV  spectral  range  with 
the  specific  energies  dependent  upon  the  composition.  The 
range  shows  the  red  shift  with  increasing  Sb  composition 
from  3  at.%  to  26  at.%,  and  there  is  an  associated  peak 
broadening  with  increasing  Sb  content.  It  is  noted  that. 

GaAs  exhibits  twin  peaks  at  higher  energy  of  ^1.47  eV 
and  1.33  eV,  which  are  identified  with  the  ZB  band-to-band 
transition  and  As  defect  (VAs)  level  [23]  transition  located 
^0.14  eV  below  the  conduction  band,  respectively. 

Since  the  conduction  band  (CB)  discontinuity  is  very 
small  in  this  hetero structure,  the  change  in  band  gap  with 
increasing  Sb  content  is  predominantly  accommodated  by  the 
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Figure  6.  Photoluminescence  spectra  of  GaAs/GaAsSb  nanowires  with  different  Sb  compositions  (inset:  deconvolution  of  peaks  for  12  at.% 
Sb  composition). 
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Figure  7.  Proposed  schematic  energy  band  diagram  of  (a)  ZB  GaAs,  (b)  GaAs/GaAs0.97Sb0.o3,  and  (c)  GaAs/GaAso.ssSbcm  (only  a  few 
transitions  are  shown  and  the  dotted  line  in  the  YB  corresponds  to  the  2nd  Sb  composition). 


Figure  8.  Excitation  power  dependence  PL  of  (a)  GaAs/GaAs0.97Sb0.o3  and  (b)  GaAs/GaAs0.74Sb0.26  nanowires. 
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Figure  9.  Comparison  of  the  PL  spectra  for  single  and  ensemble  of 
nanowires. 

increasing  valence-band  (VB)  offset  [24].  An  estimation  of 
the  VB  offset  was  made  using  the  simulation  software  Optel 
ZB,  which  provides  the  evaluation  of  this  offset  through 
interpolation  of  the  VB  edges  for  compound  semiconductors 
[25,  26].  The  nature  of  the  transitions  was  inferred  from  the 
excitation  power  dependence  of  the  4  K  PL  spectra  discussed 
below.  These  were  then  used  to  develop  the  proposed  band 
alignment  depicted  in  figure  7. 

Figure  8  displays  the  excitation  power  dependence  PL  for 
GaAs/GaAs0.97Sb0.o3  and  GaAs/GaAs0.74Sb0.26  nanowires. 
Although  data  on  only  two  samples  at  the  two  extremes  of  Sb 
composition  range  are  presented,  the  intensity  dependence 
was  conducted  on  all  the  samples  discussed  earlier  over  the 
entire  composition  range.  For  3  at.%  Sb,  a  Gaussian  fit  to  the 
observed  PL  spectra  results  in  two  peaks  at  1.27  eV  and 
1.13  eV  (figure  8(a))  exhibiting  a  blueshift  of  ^20-30  me V 
with  increasing  incident  PL  power  by  60x  (P  is  used  to  denote 


the  lowest  baseline  intensity,  which  was  0.5  mW).  Such  large 
blue  shifts  are  a  signature  of  type  II  heterostructures,  which  is 
caused  by  confinement  of  carriers  in  a  narrow  well  width  due 
to  electric  field-induced  band  bending  [27,  28].  The  electric 
field  is  created  by  the  spatial  separation  of  electron  and  hole 
pairs  in  these  structures.  Thus,  the  two  transitions  we  observe 
are  assigned  to  ZB  GaAs  CB  to  GaAsSb  VB  and  VAs  defect 
level  to  GaAsSb  VB,  respectively.  PL  spectra  of  12  at.%  Sb 
composition  are  characterized  by  multitude  of  peaks  occur¬ 
ring  at  1.13  eV,  1.11  eV,  1.0  eV,  0.97  eV,  and  0.86  eV  (inset 
of  figure  6).  Except  for  the  1.13  eV  transition,  all  the  transi¬ 
tions  are  type  II  in  nature  due  to  the  blue  shift  of  ^20  meV 
observed  with  the  increase  in  incident  power.  The  presence  of 
two  pairs  of  PL  peaks  suggests  the  existence  of  two  different 
Sb  compositions.  Peaks  at  1.11  eV  and  0.97  eV  are  assigned 
to  a  CB  of  GaAs  to  VB  of  GaAsSb  and  VAs  to  GaAsSb  VB, 
respectively,  of  one  composition  and  the  other  two,  1.0  eV 
and  0.86  eV,  for  similar  transitions  corresponding  to  a  second 
composition  in  the  12  at.%  Sb  nanowires.  The  shoulder  on  the 
highest  energy  peak  at  1.13  eV  is  assigned  a  transition  inside 
the  GaAsSb  shell  itself.  The  invariance  of  the  peak  with 
incident  excitation  power  was  used  to  determine  the  type  I 
nature  of  this  transition.  For  Sb  composition  of  26  at.%,  PL 
peaks  were  observed  at  1  eV,  0.93  eV,  0.86  eV,  and  a  weak 
peak  near  0.75  eV  as  shown  in  figure  8(b).  The  dominant  peak 
at  0.93  eV  does  not  exhibit  any  shift  with  excitation  intensity 
(figure  8(b))  suggesting  a  direct  band-to-band  type  I  transition 
in  GaAsSb,  while  the  1  and  0.86  eV  emission  peaks  are 
identical  to  those  observed  in  the  12  at.%  Sb  composition 
nano  wires.  Thus,  both  direct  and  indirect  radiative  transitions 
are  present  and  are  excitation-level  dependent,  with  the  direct 
transition  dominating  at  lower  excitation  level.  Finally,  the 
small  peak  observed  at  ~0.75  eV  is  most  likely  due  to  the 
presence  of  GaSb  phase,  which  is  consistent  with  the  XRD 
data  discussed  above. 

Figure  9  compares  the  PL  spectra  for  a  selection  of 
nanowires  with  that  for  a  single  NW.  Reasonable  replication 


Figure  10.  (a)  Raman  spectra  of  GaAs /GaAsSb  core-shell  nano  wires  and  (b)  Raman  shift  and  FWHM  of  core-shell  nano  wires  for  different 
Sb  compositions. 
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Figure  11.  (a)  Photoluminescence  spectra  of  GaAs/GaAsSb/GaAs  and  GaAs/GaAsSb  core-shell  nanowires  and  (b)  SEM  image  of  GaAs/ 
GaAsSb  and  GaAs/GaAsSb/GaAs  core-shell  structured  nanowires. 


Wavenumber  (cm’1) 

Figure  12.  Comparison  of  the  Raman  spectra  of  GaAs/GaAsSb  and 
GaAs/GaAsSb/GaAs  nano  wires. 


of  the  low-temperature  PL  of  the  NW  ensemble  is  observed  in 
the  single  NW,  which  attests  to  the  homogeneous  composi¬ 
tion  of  these  nano  wire  ensembles.  It  is  commonly  reported 
[29]  that  the  line  width  of  the  PL  peak  in  core-shell  nano¬ 
wires  is  larger  due  to  the  electron  leakage  to  the  shell.  In 
particular,  in  the  GaAs / GaAsSb  system,  it  is  expected  to  be 
more  pronounced  due  to  the  weak  electron  confinement  in  the 
GaAs  core.  In  addition,  inhomogeneous  strain  in  the  shell, 
which  is  enhanced  for  larger  mismatch  and  higher  shell 
thickness  (as  is  the  case  in  our  samples)  with  increasing  Sb 
composition,  also  contributes  to  the  increased  linewidth. 


Stacking  faults  and  surface  defects  are  also  contributors  to  the 
PL  broadening  [30]. 

Figure  10(a)  shows  the  room-temperature  Raman  spectra 
of  core-shell  GaAs/GaAsSb  nanowires  with  increasing  Sb 
composition.  The  Raman  spectra  of  reference  GaAs  nano¬ 
wires  display  longitudinal  optical  (LO)  and  transverse  optical 
(TO)  modes  at  291  cm  1  and  267.8  cm-1,  respectively,  which 
corresponds  to  the  ZB  structure.  A  shoulder  on  the  LO  mode 
is  observed  only  in  the  reference  sample  at  287  cm  1  and  is 
attributed  to  a  surface  optical  mode  (SO)  [31,  32],  which  has 
been  commonly  observed  in  thin  nano  wires.  This  is  not 
observed  in  any  of  the  GaAsSb  nanowires  most  likely  due  to 
the  larger  diameter  of  the  core-shell  nano  wires.  A  red  shift  in 
both  the  TO  and  LO  modes  is  observed,  which  is  accom¬ 
panied  by  an  increase  in  the  full  width  at  half  maximum 
(FWHM)  with  increasing  Sb  content,  as  shown  in 
figure  10(b).  The  onset  of  significant  asymmetric  broadening 
in  Raman  peaks  and  suppression  of  the  LO  mode  at  12  at.% 
suggests  degrading  quality  of  the  nanowires  due  to  the 
increased  strain  and  compositional  inhomogeneity,  which  is 
consistent  with  the  XRD  and  PL  observations. 

Lastly,  a  significant  improvement  in  PL  intensity  has 
been  demonstrated  in  a  double-shell  NW  configuration,  in 
which  an  additional  GaAs  shell  is  grown  around  the  GaAs/ 
GaAso.94Sbo.06  core-shell  nano  wires.  Similar  results  were 
also  reported  for  GaP/GaNP/GaNP  core/ shell/ shell  nano¬ 
wires  [33].  The  diameter  of  the  double  shell  is  also  found  to 
be  larger,  ^200  nm,  as  expected  (figure  11(b)).  The  PL 
intensity  of  the  dominant  peak  (^1.2  eV)  is  enhanced  12-fold 
at  4K  and  5 -fold  at  room  temperature  with  respect  to  the 
corresponding  GaAs/GaAsSb  core/shell  configuration 
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(figure  11(a)).  Room  temperature  emission  is  not  often 
observed  at  this  Sb  content  for  the  single-shell  configuration 
but  is  consistently  observed  in  the  double-shell  NW  config¬ 
uration.  The  increased  intensity  is  attributed  to  the  annihila¬ 
tion  of  the  surface  defects  on  the  GaAsSb  shell.  Figure  12 
shows  a  comparison  of  the  Raman  spectra  of  single-  and 
double- shell  configured  nano  wires.  The  GaAs  LO  mode  is 
significantly  suppressed  in  the  double-shell  configuration  and 
is  attributed  [34]  to  the  LO  mode  being  forbidden  from  certain 
surface  facets  as  opposed  to  no  such  restrictions  imposed  on 
the  TO  phonon  modes.  The  presence  of  the  LO  mode  in  the 
single-shell  configuration  is  most  likely  associated  with 
defects  modulating  the  selection  rules  to  enable  the  LO  mode, 
normally  forbidden,  to  be  observed.  Thus,  the  absence  of  the 
LO  mode  in  the  double-shell  configuration  may  be  viewed  as 
evidence  of  reduced  defects. 

It  should  be  noted  that  these  are  the  preliminary  results 
and  GaAs  as  an  outer  shell  is  not  an  ideal  passivating  material 
due  to  the  small  conduction  band  offset  between  GaAsSb  and 
GaAs  and  its  comparatively  low  band  gap.  However,  sig¬ 
nificant  enhancement  observed  in  intensity  with  the  use  of 
GaAs  outer  shell  is  very  promising  and  indicates  future  pro¬ 
spects  for  much  improvement  in  PL  efficiency  with  the  use  of 
an  appropriate  higher  band-gap  material,  namely  GaAlAs,  as 
an  outer  shell  material.  Also,  further  tailoring  of  the  growth 
parameters  as  well  as  shell  thickness  can  have  a  significant 
effect  on  improving  the  PL  efficiency. 


4.  Conclusions 

A  detailed  investigation  was  carried  out  on  GaAs / GaAsSb 
core-shell  nanowires  grown  by  Ga-assisted  MBE  intended 
for  next-generation  photodetectors  in  the  near-IR  spectral 
regime.  These  are  the  first  preliminary  reports  to  the  best  of 
our  knowledge  on  achieving  low  PL  peak  energy  of  0.93  eV 
on  these  nano  wires.  The  nano  wires  exhibit  a  ZB  structure, 
and  planar  defects,  namely  twins  and  stacking  faults,  are 
observed.  For  12  at.%  Sb  content  and  beyond,  evidence  of 
compositional  instability  is  observed,  resulting  in  the 
increased  strain  accumulation  in  the  shell  leading  to  rough 
surface  morphology,  multi-faceted  growths,  curved  nano¬ 
wires,  and  deterioration  in  the  structural  and  optical  quality. 
The  type  of  the  optical  transitions  observed  are  dependent 
on  the  Sb  content;  a  type  II  transition  is  seen  at  low  Sb 
content  while  a  mixture  of  type  I  and  type  II  transitions 
occur  at  12  at.%  Sb  content  and  beyond.  Fairly  good 
replication  of  the  low-temperature  photoluminescence 
spectra  of  the  nanowire  ensemble  compared  to  that  of  a 
single  nanowire  attest  to  the  compositional  uniformity  of 
the  nano  wires.  Significant  enhancement  in  the  PL  intensity 
observed  with  the  passivation  of  surface  defects  by  imple¬ 
menting  a  double-shell  configuration  provides  a  pathway 
for  future  improvement. 
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